The water activity, pH and density of some aqueous amino acid solutions were determined at 25°C in three different types of solvents. Previous published experimental data on water activity and solubility of amino acids in aqueous solutions were used together with data from this work to test the applicability of a group contribution model. The activity coefficients were estimated by the UNIFAC-Larsen model combined with the Debye-Hü ckel equation, taking also into account the partial dissociation phenomena of species in solution. Interaction energies between the charged species Na + and Cl -and the specific groups of amino acids (COOH and NH 2 ) were adjusted using experimental solubility data.
Introduction
The crescent advances in the biotechnological industry have raised interest for the development of efficient separation, concentration and purification processes of biomolecules. In the design of equipment and processes it is necessary to have knowledge of some physicalchemical properties such as solubility, water activity (a w ) and the influence of different pH values on these properties in mixtures containing biomolecules. Among the biochemicals, amino acids are of much research interest because of their simplicity and importance for understanding the behavior of molecules such as peptides and proteins in more complex solutions. In general the amino acids are produced by microorganisms in aqueous media containing solutes such as salts, organic acids, etc. Thus, it is relevant to study the physical-chemical properties of systems containing such compounds at various concentrations and pH values.
In this work we present experimental data on water activity, pH and density of aqueous solutions containing the amino acids glycine, DL-alanine, L-arginine and L-proline in three different types of solvents: water and acid and basic buffers. The iterative procedure proposed by Achard et al. (1) was utilized for modeling the properties (a w , pH, and solubility), considering the partial dissociation of the amino acids and the other solutes that form the aqueous systems. The UNIFAC-Larsen model and the Debye-Hü ckel equation were associated with this procedure to allow for the nonideality of the systems studied. Such approach has been successfully applied to other aqueous solutions of weak electrolytes such as citric, tartaric and malic acids for the prediction of water activity and pH of those solutions (2, 3) .
Moreover, the procedure mentioned above is further tested by using a comprehensive data bank on other physical-chemical properties of amino acid solutions available in the literature. Data on the solubility of amino acids in water, buffers and salt solutions were included in this data bank. The objective of the work reported here is to test and extend the procedure proposed by Achard et al. (1, 4) to the estimation of physical-chemical properties of amino acid solutions. In contrast to prior works the present study takes into account a more comprehensive data bank on different physical-chemical properties of amino acid solutions and models these properties considering the partial dissociation of weak electrolytes.
Materials and Methods
Materials. Samples of the amino acids glycine, DLalanine, L-arginine and L-proline were supplied by Merck with purity greater than 99 mass %. No further purification was employed. Other chemicals of >99 mass % purity (NaOH, citric acid and sodium citrate) were also purchased from Merck and used to prepare the buffer systems. Solutions were prepared gravimetrically with deionized water (Millipore, USA) using an analytical balance (Sartorius, Germany) with a precision of 1 × 10 -4 g. The compositions were accurate to (0.0001 approximately in mass fraction.
Experimental Procedure. Water activity was measured at 25.0 ( 0.1°C and pH at room temperature (24.7 ( 0.3°C) at various solute concentrations. The influence of pH on water activity was also verified by the use of acidic and basic buffer solutions. The buffers were prepared with citric acid/sodium citrate and glycine/ NaOH, resulting in 3.09 and 9.22 pH values, and 0.0113 (ratio, 0.0084 citric acid/0.0029 sodium citrate) and 0.0043 (ratio, 0.0038 glycine/0.0005 NaOH) total solid mass fractions, respectively.
The pH was measured with a Chem Cadet 5986-50 (Cole-Parmer Instrument Co., USA) pH meter calibrated with buffer solutions (pH 4 and 7) supplied by Merck, and the results were used later in the modeling of this property. The mean standard deviation obtained for the whole set of experimental data was 0.02 pH units. An electric hygrometer AQUA-LAB CX-2 (Decagon, USA) previously calibrated with saturated salt solutions (analytical grade reagents from Merck, >99 mass % purity: potassium sulfate, potassium chloride, sodium chloride and potassium carbonate) was used for measuring a w . The temperature inside the hygrometer was regulated at 25.0 ( 0.1°C by circulation of thermostated water from a water bath (Cole Parmer Instrument Co., USA). Measurements were made in triplicate with a reproduc-ibility of (0.001 a w units. Density measurements were carried out in triplicate using a digital densimeter (DMA 58, Anton Paar, Austria) (for the systems amino acid + buffer) and a picnometer (for the systems amino acid + water) at 25.0 ( 0.1°C. The digital densimeter was calibrated with air and water as standards, and the picnometer was calibrated with water at the corresponding working temperature. The accuracy of the density measurements was estimated as 3 × 10 -5 and 3 × 10 -4 g cm -3 for the digital densimeter and picnometer, respectively. Experimental density measurements were performed in the systems cited above for the conversion of solute mass fractions into molar concentrations. Experimental Results. Experimental water activity, pH and density data for the amino acid solutions are summarized respectively in Tables 1-3 . Kuramochi et al. (5) measured the partial pressure of water for glycine and alanine aqueous solutions. The corresponding experimental water activity data were compared to the data determined in the present work (see Figure 1) . The mean relative deviations between both data sets were 0.151% for glycine and 0.051% for alanine, resulting in an average value of 0.101% for both amino acid solutions.
A very slight influence of pH on a w values was noted for arginine, glycine, proline and alanine. The addition of buffer solutions containing a strong electrolyte (NaOH) or an acid/salt (citric acid/sodium citrate) solution gives rise to interactions between the amino acid groups and the ionic species from the acid, base or salt. The buffer solutions were used in very low concentrations (total buffer solutes weight fractions, 0.0113 and 0.0043 for acid and basic buffers, respectively) yielding a w values equal to 0.999 measured by the electric hygrometer, at 25.0°C. Therefore, there was no significant interference of the buffer solutions upon the a w data measured in the present work through short-range type interactions. The presence of buffers containing ionizable species contributes to changes in the net charges of the amino acids according to pH value. As a consequence, it was observed that higher concentrations of the cationic and anionic species in solution lead to a slightly decrease in the a w values. Figure 2 shows a comparison between density data for aqueous solutions of DL-alanine and glycine at 25.0°C reported in the literature (6, 7) and determined in this work. As can be seen, the agreement is very satisfactory (mean relative deviations equal to 0.07% and 0.004% for aqueous solutions of glycine and DL-alanine, respectively).
Thermodynamic Modeling
Modified UNIFAC Model for Electrolytes. Recently, attention has been given to the modeling of phase behavior in aqueous systems containing biochemicals such as amino acids (8) (9) (10) (11) (12) (13) . In several publications, the nonideality of such systems was represented either by local composition models (14, 15) or by group contribution models (13, 16, 17) . To account for the electrostatic forces in the amino acid solutions, the Debye-Hü ckel term (18) has been added to the activity coefficient models in some reported works in the literature (13, 19) . In this work we used the model presented by Kuramochi et al. (10, 11) , based on the UNIFAC-Larsen model, combined with the Debye-Hü ckel term. Amino acids molecules were divided into several main groups including new group assignments proposed by the cited authors: R-CH 2 (alkane bounded to the R carbon atom in the amino acid molecule), sc-CH 2 (side chain alkane), NH 2 and COOH. In Table 4 , the constituent groups of the amino acids considered in this work are given.
The amino acids appear in various ionic formss cationic, anionic and zwitterionswhen dissolved in water according to the pH of the solution. For example, the distribution of the different ionic forms of the amino acid glycine as a function of pH was obtained by Max et al. (20) using a numerical treatment of the infrared spectra data. The following species were observed for glycine in water: cationic (pH 0-5); zwitterion (pH 0-12.5) and anionic (pH [7] [8] [9] [10] [11] [12] [13] [14] .
For modeling the amino acid systems it is assumed that the constituent groups of the anionic and cationic species are the same as those of the zwitterion form (see Table 4 ). Structural parameters R k and Q k for the ionic groups of the amino acids were considered equal to the neutral ones. To estimate the concentrations of the different ionic forms present in solution, the iterative procedure proposed by Achard et al. (1) was utilized in the present work. The method takes into account the partial dissociation phenomena of the amino acids and combines equilibrium relations, mass and electroneutrality balances for calculating the true concentrations of the species and their activity coefficients. This set of equations requires initial solute and water concentrations, as well as equilibrium constants describing the chemical equilibrium. In aqueous solution, the following series of reactions takes place simultaneously when an amino acid is dissolved in an acidic buffer containing citric acid (H 3 citric)/sodium citrate (Na 3 citric): a wt corresponds to total solute mass fraction considering the concentration of the amino acid (wa) and the solutes of the buffers (wb), i.e., wt ) wa + wb. 
Na 3 citric f 3 Na + + citric 3-
Reaction 1 corresponds to the formation of the zwitterion (NH 3 + RCOO -) with dual electric charges, which can originate the amino acid cationic and anionic species (reactions 2 and 3, respectively). The equilibrium constant K D is generally very large (10 5 -10 6 ). This means that the uncharged amino acid is almost completely converted to the zwitterion form. The equilibrium constants (K i and K Ai , i ) 1, 2, ...) can be obtained as 10
Values for pK i and pK w used in this work were found in refs 21-24. For the amino acids and water, the effect of the temperature on the equilibrium constants were taken into account by adjusting eq 9 to the available experimental data:
where A, B and C are adjustable parameters and T is the temperature in Kelvin. Values of A, B and C are given in Table 5 . Dissociation constants (pK Ai ) for citric acid at 25°C were found in ref 24 and their values are as follows: pK A1 ) 3.131; pK A2 ) 4.762; pK A3 ) 6.397.
Reactions 4-7 correspond to citric acid and sodium citrate dissociations in the aqueous system. Eleven species are present in the mixture mentioned above. The system of equations (equilibrium relations, mass and electroneutrality balances) that allows simultaneous calculation of the activity coefficients and the concentration of species is given below: In this work, the activity coefficient (in the asymmetric convention) of a species i is expressed by long-range (electrostatic interactions) and short-range (physical interactions) contributions:
where, the superscripts SR and LR refer, respectively, to short-and long-range interactions.
For the solvent (water), the activity coefficient is calculated in the symmetric convention as follows:
In addition, the short-range contribution combines the UNIFAC-Larsen model with solvation equations for chemical interactions between water and ionic species. As a result, structural parameters of solvated species, concentrations, and activity coefficients are estimated considering the occurrence of solvation. The equations corresponding to this phenomenon are presented below: a sc ) side chain, R ) group bounded to the R carbon in the molecule b For the zwitterion glycine the groups are R-CH2, NH 3 + , COO -; for the anionic they are R-CH2, NH2, COO -; and for the cationic form they are R-CH2, NH 3 + , COOH. (17) c Na 3 citric,0 ) c Na + (18) where γ i / is the activity coefficient at infinite dilution of all solutes in the mixture: where x w is the water mole fraction.
The long-range contribution to the activity coefficients was calculated using the Debye-Hü ckel equation, with the closest approach parameter equal to 17.1, as suggested by Achard et al. (1) .
The solution nonideality is considered in the eqs 10-15 in which true concentration ratios can be estimated using the framework developed by Achard et al. (1) f o L is the reference fugacity in the asymmetric convention, and f A S is the fugacity of the pure solid amino acid. The ratio f A S /f o L can be related to the temperature of the system through the relation:
where ∆s and ∆h are the change in molar enthalpy and entropy of the amino acid from the reference state to the solid state (26) . These values are generally obtained from solubility studies. The activity coefficient γ A ( / can be estimated by the UNIFAC-Larsen model combined with the Debye-Hü ckel equation, once the mole fraction of the amino acid is known. Therefore, it is necessary to perform an iterative method to obtain the solubility of that molecule using eqs 32 and 33. ∆s and ∆h in eq 33 were adjusted by regression from the solubility data of the amino acids DL-alanine, L-proline and DL-serine. The values of ∆s and ∆h for the other amino acids studied in this work (glycine and DL-valine) were maintained equal to the literature values (see Table 6 ).
The total solubility (x A ) can be written as where x A ( , x A+ , x A-are the mole fractions of the zwitterion, cationic and anionic species.
There are several literature reports on the influence of acids, bases and salts on the aqueous solubility of amino acids within a certain pH range. Pradhan and Vera (12) reported the effect of the addition of strong acids and bases on the solubility of amino acids at various pH values. It was observed that there was no significant influence of different ions (K + , Na + , Cl -, and NO 3 -) on the solubility of DL-alanine at 25°C within the pH range of 2-10. Also reported in the literature (28) are experimental solubility data of some amino acids at various pH and NaCl concentrations. The pH was varied from 0 to 13 using HCl or NaOH. The experimental data show the dependence of the solubility of amino acids on the addition of salts, bases and acids. Experimental data reported by Needham et al. (29) show the influence of acid or base on the solubility of amino acids in two different solvents, water and ethanol. In the present work, the solubility of amino acids in aqueous electrolyte solutions has been estimated using the UNIFAC-Larsen model combined with the Debye-Hü ckel equation.
Results and Discussion
Density Data. In the calculations of activity coefficients and true concentration of species, it is necessary to estimate the densities of the amino acid solutions.
Nh j x j (25)
Linear equations were fitted to experimental density data at 25°C for the amino acid systems considered in the present work. The equations are given in Table 7 . To estimate solubilities of the amino acids in water, density data at temperatures other than 25°C were also required. We used the following approach to estimate such densities: the densities of the amino acid (i) solutions at 25°C relative to water (subscript w) at the same reference temperature were multiplied by the density of water at the desired temperature, as can be seen by the following equation:
The prediction capacity of eq 35 was tested using experimental densities of binary aqueous solutions containing a nonelectrolyte solute (sucrose) (32) or an electrolyte solute (KCl) (31) at various temperatures (20-90°C for sucrose and 25-100°C for KCl) and solute concentrations (1-85 mass % for sucrose and 0.7-20 mass % for KCl). In the case of sucrose solutions the reference temperature was 20°C, and for KCl solutions it was 25°C. Mean relative deviations between experimental density data and those calculated by eq 35 were equal to 0.09% and 0.1% for sucrose and KCl solutions, respectively. Such result clearly shows the good performance of the selected approach to estimate densities at various temperatures. Equation 35 is based on the assumption that dF i /dw i (the derivative of solution density in relation to solute concentration) is not dependent on temperature, so that the solution density at some specified solute concentration changes with temperature only as a consequence of the change in the solvent density.
For the ternary (amino acid + base/acid + water, or amino acid + salt + water) and the quaternary (amino acid + base/acid + salt + water) systems a semiempirical equation was utilized for calculating the corresponding densities. It requires densities of the binary solutions (solute + solvent) as is shown below (33):
F mix , F w , and F i represent the densities of the multicomponent mixture, density of pure water, and density of the binary aqueous mixtures containing component i, respectively. Component i could be a salt, an acid or a base. The summation in eq 36 should be performed upon all the components i in solution, except for water.
To test the accuracy of the eq 36, calculated densities for aqueous solutions of glycine and salts were compared with experimental ones from literature (31, 34) . The relative mean deviation was found to be 0.3% for the ternary systems glycine + NaCl + water and glycine + KCl + water. This result confirms the applicability of the equation for calculating the densities of the multicomponent systems involved in this work.
Equilibrium Data. The UNIFAC-Larsen model was then used to calculate the short-range contribution to the activity coefficients of the different species in solution considering the hydration of ions H + and Na + , with hydration numbers (N h ) equal to 2.959 and 2.606, respectively (1). The interaction parameters used were found in Achard et al. (1) (for interaction parameters involving charged species), Kuramochi et al. (10, 11) (for interaction parameters involving new groups such as sc-CH, R-CH) and Larsen et al. (25) . Interaction energies (u ij ) between the charged species Na + and Cl -and the specific groups of the amino acids (COOH and NH 2 ) were adjusted using the available solubility data. The option for adjusting the interaction energies u ij , instead of the interaction parameters a ij , allows the reduction of the number of parameters to be fitted. Interaction parameters a ij are related to the interaction energies u ij and u jj according to the following equation:
Adjusted group interaction energies (u ij ) between the amino acid groups (COOH and NH 2 ) and the ions Na + and Cl -are given in Table 8 . The u jj values (u COOH,COOH and u NH2,NH2 ) required for a ij calculations had been estimated by the following expression (4) and are reported in Table 9: where the subscripts w and j stand for water and species j, respectively. Figure 3 is shown a comparison between experimental and predicted a w values for the amino acid L-proline in water and in very diluted buffer solutions. Figure 4 depicts the estimated pH values for mixtures containing glycine in three different solvents (water, acid buffer and basic buffer). As can be observed, the UNI-FAC-Larsen model combined with the Debye-Hü ckel term yields a good fit to these data. Mean relative average deviations for the systems with glycine, L-proline, L-arginine and DL-alanine are given in Table 10 .
The deviations for the solubility data are also given in Table 10 , and some of the results are shown in Figure 5 . The model reproduces well the observed experimental data.
Results concerning solubility of glycine in salt solutions (glycine + NaCl + water + HCl/NaOH) at different pH values are presented in Figure 6 . Most experimental data are from the work of Carta and Tola (28) . It must be stressed that studies about pH influence on solubility of amino acids do not report the concentrations of acid and base utilized. Some works (12) report the final pH of a mixture containing the amino acid, the acid or the base, while others (28) provide the pH of the initial solutionsbefore the addition of the amino acid. In both cases, the amount of acid or base in the present work was selected, through analysis of the estimated pH by the model, to obtain the desirable pH or when pH calc ) pH exp . For example, when experimental solubility data as a function of final pH is given for a mixture containing the amino acid + acid or base, the concentrations of acid or base were selected when the pH estimated by the model reached the experimental pH. In the other case, when the pH values of the initial solutions were reported, the total acid or base concentrations were selected from the analysis of the experimental and estimated pH for aqueous solutions containing the acid or the base only. Finally, the concentrations of acid or base were utilized to estimate solubility of some amino acids in a wide range of pH values. Figure 6 shows the results of the calculated solubilities of the amino acid glycine at various pH values and NaCl concentrations. From Figure 6 , it can be seen that good agreement is observed between experimental and calculated solubilities at high NaCl concentrations (5% and 15%), while the calculated results for the amino acid at the isoelectric point agree well with experimental data from (29, 7). coefficients for all species equal to 1 (γ i,∀i ) 1). It was observed that the a w values calculated for the ideal case had an expressive difference from experimental results for the systems containing the amino acid proline (mean relative deviations of about 1.4%). For the other systems containing the amino acids glycine, alanine and arginine this difference was less pronounced but greater than that obtained considering the nonideality of the systems. Such deviations are outside the range of the experimental error for a w measurements provided by the manufacturer (0.3%) and also much higher than the standard deviation observed in the experimental measurements (0.1%).
Concerning the deviations between real and ideal pH values, it was verified slight differences between them. This case can be further visualized in Figure 7 in which the distribution of the three ionic species of glycine as a function of pH is shown. Unfortunately, numerical data for the distribution of the species is not available in the literature, but it can be noted in Figure 7 that the ranges in which such species appear in the various forms agree well with those reported in ref 20 (cationic pH 0-5; zwitterionic pH 0-12.5; and anionic pH 7-14). Although it is not possible to verify which of the curves (real or ideal pH) represent well the ionic distribution of glycine, those curves yield different concentrations of the species within the pH range of 1-3.5 and 8-11.
Large discrepancies can also be noted between calculated (ideal case) and experimental data for solubility (see Table 10 ). In the case of glycine and valine the values of ∆s and ∆h were taken from literature and then were not adjusted in the present work even though the results of the calculated solubility considering the ideal case presented very high deviations from experimental data.
Conclusions
This work has presented experimental data on water activity, pH and density of mixtures containing amino acids. The use of the UNIFAC group contribution model with solvation equations as proposed by Achard et al. (1) combined with the Debye-Hü ckel term, was extended to estimate physical-chemical properties such as water activity, pH and solubility of amino acids. The model provided good results for such properties. The interaction parameters between Na + and Cl -and the amino acid specific groups were adjusted, yielding reasonable results concerning pH influence on the solubility of the amino acids in more complex mixtures. 
